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Bactericidal activityAbstract Silver nanoparticle (AgNP) synthesis and characterization is an area of vast interest due
to their broader application in the fields of science and technology and medicine. Plants are an
attractive source for AgNP synthesis because of its ability to produce a wide range of secondary
metabolites with strong reducing potentials. Thus, the present study describes the synthesis of
AgNPs using aqueous rhizome extract of Acorus calamus (sweet flag). The AgNP formation was
evaluated at different temperatures, incubation time and concentrations of AgNO3 using Response
surface methodology based Box–Behnken design (BBD). The synthesized AgNPs were character-
ized by UV–Visible spectroscopy, Fourier transform infra-red spectroscopy (FTIR), X-ray diffrac-
tion (XRD), and Scanning electron microscopy–energy-dispersive spectroscopy (SEM–EDS). The
surface plasmon resonance found at 420 nm confirmed the formation of AgNPs. SEM images reveal
that the particles are spherical in nature. The EDS analysis of the AgNPs, using an energy range of
2–4 keV, confirmed the presence of elemental silver without any contamination. The antibacterial
activity of synthesized AgNPs was evaluated against the clinical isolates Staphylococcus aureus
and Escherichia coli and it was found that bacterial growth was significantly inhibited in a dose
dependent manner. The results suggest that the AgNPs from rhizome extract could be used as a
potential antibacterial agent for commercial application.
 2015 Production and hosting by Elsevier B.V. on behalf of Academy of Scientific Research &
Technology.
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The field of nanotechnology is one of the most active areas of
research in current material science. The synthesis and charac-
terization of noble metal nanoparticles such as silver, gold and
platinum is an emerging field of research due to their impor-
tant applications in the fields of biotechnology, bioengineering,
textile engineering, water treatment, metal-based consumer
products and other areas, electronic, magnetic, optoelectron-
ics, and information storage [31]. It has been reported that
since ancient times silver is known to have antimicrobial
activities [7,29] such as antifungal [5], antiviral [24], anti-
angiogenesis [17], and silver nanoparticles (AgNPs) are of
particular interest due to their peculiar properties and wide
applications. Silver nanoparticles (AgNPs), as antibacterial
agents, are now used extensively in the fields of medicine [6]
and drug delivery [23].
Synthesis of AgNPs has been proposed as an emerging
technology, and offers several applications to the scientific
community. AgNPs have been synthesized by chemical
[11,35], electrochemical [39], radiation [9], photochemical
methods [4] and Langmuir–Blodgett [40,37] and biological
techniques [28]. The latter has emerged as a green alternative,
for it is environment-friendly, cost-effective, and easily
scaled-up. It has great potential with natural reductants
[34,2], such as plant extract [3], bacteria [16], fungus [14], pan-
chakavya [12], and cow milk [21]. Plant extracts are more
advantageous because using them eliminates the elaborate
process of maintaining cell cultures and can be suitably
scaled-up for large-scale production under nonaseptic environ-
ments, especially plants that secrete the functional molecules
for the reaction, compatible with the green chemistry princi-
ples. There are some examples of synthesizing AgNPs using
plants, such as Helianthus tuberosus [3], Acacia leucophloea
[26], Solanum indicum [15], Acalypha indica, European Rowan
(Sorbus aucuparia), and camphor laurel (Cinnamomum
camphora) [30].
Antibacterial activity of medicinal plants becomes more
recognized, an attempt is being made to establish the antibac-
terial activity of plant extracts used to synthesize AgNPs, and
the combined effect of the metal and the plant extract. Acorus
calamus is a natural plant belonging to the order Acorales and
family Acoraceae. The genus name is Acorus and its species is
called A. calamus [18]. This plant has a very long history of
medicinal use in Chinese and Indian herbal traditions [13,25].
This plant was present in Indian markets nearly two thousand
years ago [22] and it had been sold as a medicine in every
Indian shop [36]. It was used for ailments such as dyspepsia
[38], mouth and throat diseases, fevers, epilepsy, bronchitis,
hysteria, tumors, rat bites, ear worms, toothaches, pains of
the chest and kidneys, insomnia, melancholia, neurosis, loss
of memory depression and mental disorders [20], asthma, diar-
rhoea, dysentery, flatulence [19,27].
The aim of the current study was (i) synthesis and optimiza-
tion of AgNPs using rhizome extract of A. calamus (ii) Char-
acterization of silver nanoparticles using UV–Vis
spectroscopy, XRD, FT-IR, SEM–EDS and (iii) evaluation
of the bactericidal activities against Staphylococcus aureus,
Bacillus cereus, Escherichia coli and Salmonella enterica to
check their biomedical importance.2. Materials and methods
2.1. Materials
Silver nitrate of analytical grade was purchased from Merck.
The glassware was washed in chromic acid and thoroughly
washed with double distilled water and dried in hot air oven.
The A. calamus rhizome was freshly collected from Yercaud,
Salem, Tamil Nadu, India.
2.2. Preparation of the rhizome extract
Around 10 g of freshly collected A. calamus rhizome was
ground well using mortar and pestle. 100 mL of deionized
water was added into the slurry and filtered through a cheese
cloth. The filtrate was again filtered through Whatman No. 1
filter paper (pore size 25 lm). The fresh filtrate was used for
the present study.
2.3. Biosynthesis of AgNPs
Synthesis of silver nanoparticle methodology was developed
according to Aravinthan et al. [3] with minor modifications.
Briefly, 5 mL of rhizome extract was mixed with 50 mL of
AgNO3 (1–5 mM) solution and incubated at 30 C for 48 h.
The bio-reduction ofAgNO3 intoAgNPs can be confirmed visu-
ally by the change in colour from colourless to reddish brown.
2.4. Statistical optimization of AgNP synthesis
Response surface methodology combined with BBD was
established using Design Expert software (9.0.0.7 trial version).
Three factors, namely, AgNO3 concentration, incubation time,
and temperature, were optimized for enhanced AgNP synthe-
sis. Based on BBD, the factors were analysed at two levels: 1,
for low level, and +1, for high level. A total of 17 runs were
performed to optimize the process parameters, and experi-
ments were performed according to the experimental design
matrix. The results were evaluated by applying the coefficient
of determination (R2), analysis of variance (ANOVA) and
response plots. Employing RSM, the most widely used
second-order polynomial equation was developed to fit the
experimental results and identify the relevant model terms.
Y ¼ b0RbiXi þ RbiXibij þ RXiXj ð1Þ
where, Y is the predicted response; ß0, ßi, and ßij are constant
regression coefficients of the model; and Xi and Xj represent
independent variables. The experimental design chosen for
the study was a Box–Behnken design that helps in investigating
linear, quadratic and cross product effects of these factors,
each varied at these levels and also includes three centre points
for replication.
2.5. Characterization of AgNPs
Characterization of nanoparticles is important to understand
and control nanoparticle synthesis and applications [1]. The
bioreductive synthesis of AgNPs was monitored using a
Shimadzu UV-2450 PC scanning double beam UV–Vis
Figure 1 UV–Visible spectrum of biosynthesized AgNPs and
rhizome extract.
Table 1 Box–Behnken design for the variables and the
experimentally observed responses.
Run AgNO3
(mM)
Time
(h)
Temperature
(C)
Absorbance at
420 nm
1 2 48 40 3
2 2 30 30 2.7
3 1 48 30 4
4 2 12 40 2
5 2 12 20 2
6 3 12 30 1.8
7 1 30 40 3.5
8 1 30 20 3.1
9 2 30 30 2.7
10 2 30 30 2.7
11 2 30 30 2.7
12 3 48 30 2
Biosynthesis of silver nanoparticles and their bactericidal activity 95spectrophotometer. The UV–Vis spectra were recorded
between 200 and 600 nm as a function of temperature for the
bioreductive property of aqueous A. calamus rhizome extract.
The increase in 430 nm centred strong resonance bands was
noted [3]. XRD was recorded in the 2h range of 30–80 using
XRD6000 (Shimadzu) of Cu Ka radiation, the energy of which
was 8.04 keV and wavelength was 1.54 A˚. The applied voltage
was 40 kV and current was 25 mA. The crystallite size was esti-
mated using the Scherer equation. The presence of functional
groups in A. calamus rhizome extract and synthesized AgNPs
was identified by Shimadzu-8400 FTIR Spectrometer using
KBr pellet technique. Scanning electron microscope–energy-d
ispersive spectra (SEM–EDS) analysis was carried out using
Jeol JSM 6390 model. Thin films of the sample were prepared
on a carbon-coated copper grid by just dropping a very small
amount of the sample on the grid, extra solution was removed
using a blotting paper and then the film on the SEM grid was
allowed to dry.
2.5.1. Evaluation of the bactericidal activity
The bactericidal activity of the AgNPs was evaluated against
the clinical isolates S. aureus, B. cereus (Gram-positive) and
E. coli, S. enterica (Gram-negative) obtained from Govern-
ment Mohan Kumaramangalam medical College and Hospi-
tal, Salem, Tamil Nadu, India. The bactericidal activity was
carried out with 24 h active cultures by employing the disc dif-
fusion method [9]. About 150 CFU/mL of inoculums was
swabbed onto Muller Hinton agar (MHA) plates uniformly
and allowed to dry in a sterile environment. Sterile disc of
6 mm (HIMEDIA) was loaded with 30 ll of test solution
(AgNPs 5 and 10 lg/mL). Ampicillin (10 lg/mL) was used as
positive control. The plates were incubated at 26 C for 2 days
to measure the zone of inhibition. The mean was calculated by
performing the experiments in triplicates.13 1 12 30 2.8
14 2 30 30 2.7
15 3 30 40 1.8
16 2 48 20 2.2
17 3 30 20 1.23. Results and discussion
The synthesis of AgNPs was initially observed by the colour
change from light yellow to dark brown. The colour change
is due to the excitation of surface plasmon resonance vibrations
in AgNPs. Similar results were observed in various plants stud-
ied by Aravinthan et al. [3]. Characteristic absorption peaks of
AgNPs can be seen at around 420 nm. Fig. 1 shows the
UV–Visible spectra of synthesized AgNPs and rhizome extract.
The BBD was applied to identify the optimal conditions for
the enhanced AgNP synthesis. The experimental design is pre-
sented in Table 1. ANOVA of the quadratic regression model
(Table 2) exhibits that it was a highly significant model, as was
evident from Fisher’s F-test with a very low probability value
(F value= 107.41). Values of ‘Prob >F0 (0.0001) indicate that
the term of the model was significant. The Model F-value of
107.41 implies that the model was significant. There was only
a 0.01% chance that a model F-value could occur due to noise.
The predicted R2 (0.5649) and adjusted R2 (0.7421) values for
AgNP synthesis were in reasonable agreement with the value
of R2 (0.9200), which is closer to 1.0, indicating the better fit-
ness of the model in the experimental data. As a model for rhi-
zome mediated synthesis of AgNPs, three different tests,
namely, sequential model sum of squares, lack of fit testsand model summary statistics were carried out in the present
study.
The contour plot graphical representations were generated
(Fig. 2). The results demonstrate that there was a significant
relation between AgNO3 concentration, incubation time, and
temperature for AgNP synthesis. Fig. 2(a) shows 1 mM solu-
tion, AgNPs have shown absorbance maxima at 420 nm,
broadening of the peak indicates that the nanoparticles are
polydispersed, 2 mM solution has peak at 420 nm correspond-
ing to AgNPs which may be attributed to the presence of
bioactive components as capping agents on the surface of
nanoparticles, 3 mM solution has at 435 nm. The spectrum
shows the red shift with an increasing molar concentration
of silver nitrate. It indicates the increase of mean diameter of
the AgNPs as the concentration increases [10]. The silver
nitrate concentration 3 mM indicates a faster rate of bioreduc-
tion with increased concentration of precursor salt. The
increase in silver nitrate concentration of 5 mM and above
Table 2 Analysis of variance (ANOVA) for the response
surface quadratic model.
Source Sum of
squares
Df Mean
squares
F
value
p-value
Prob > F
Model 7.60 9 0.84 107.41 <0.0001
A-AgNO3 5.44 1 5.44 693.00 <0.0001
B-time 0.85 1 0.85 107.55 <0.0001
C-
temperature
0.41 1 0.41 51.55 0.0002
AB 0.25 1 0.25 31.82 0.0008
AC 0.010 1 0.010 1.27 0.2964
BC 0.16 1 0.16 20.36 0.0028
A2 2.632E-
003
1 2.632E-003 0.33 0.5809
B2 0.024 1 0.024 3.01 0.1261
C2 0.44 1 0.44 56.60 0.0001
Residual 0.055 7 7.857E-003
Lack of fit 0.055 3 0.018
Pure error 0.000 4 0.000
Cor. total 7.65 16
Figure 2 Contour plots of the combined effects of two variables on
time as variables at fixed temperature, (b) AgNO3 and temperature a
temperature as variables at a fixed AgNO3.
96 C. Sudhakar et al.leads to peaks with lower intensity which can be accounted for
by the formation of agglomerated nanoparticles and their set-
tling. The presence of very large particles was the cause of fas-
ter settling of particles [32]. Fig. 2(b) shows the UV–Vis
absorption spectra of reaction mixtures studied at different
levels of incubation time (12–48 h). Fig. 2(c) shows the
UV–Vis absorption spectra of reaction mixtures studied at dif-
ferent levels of temperature (20–40 C). From the absorption
spectra, it is noted that Ag surface Plasmon resonance band
occurs at about 420 nm and the intensity of absorption
increases steadily as a function of incubation time. The opti-
mum levels of the variables were obtained by using BBD.
The model predicted a maximum AgNP synthesis appearing
in 1 mM AgNO3 concentration, 48 h and 30 C. Predicted
model was validated and experiments were conducted using
these optimal conditions. The predicted model values were in
good agreement with the values measured in these experi-
ments, thus mitigating the validity of the response model and
the necessity for optimal conditions.
The coefficients of the regression equation were calculated
and the following regression equation was obtained.A. calamus rhizome mediated synthesis of AgNPs. (a) AgNO3 and
s variables at a fixed incubation time and (c) incubation time and
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Figure 4 XRD pattern of AgNPs synthesized using A. calamus
rhizome extract.
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 0:25ABþ 0:050ACþ 0:20BC
þ 0:025A2  0:075B2  0:33C2
ð2Þ
where, Y stands for AgNP synthesis (Absorbance at 420 nm),
A is AgNO3 concentration, B is incubation time, C is temper-
ature respectively. A high degree of similarity of experimental
values was observed, thus reflecting the precision and applica-
bility of RSM to optimize the process for AgNP synthesis.
The sample of AgNPs could be also characterized by X-ray
diffraction analysis of dry powders. The diffracted intensities
were recorded from 10 to 90 at 2h angles (Fig. 3). Four dif-
ferent and important characteristic peaks were observed at the
2 h of, 28.11, 32.56, and 46.54, that correspond to (111),
(200), and (220), planes, respectively. All the peaks in XRD
pattern can be readily indexed to a face-centred cubic structure
of silver as per available literature (JCPDS, File No. 893722).
The average crystal size of the silver crystallites was calculated
from the FWHMs of the diffraction peaks, using the Scherrer
equation. It was found that the average size from XRD data
and using the Debye–Scherrer equation was approximately
35 nm. The results are in agreement with those of several stud-
ies that reported the cubic nature of biologically synthesized
AgNPs [3,33].
The FTIR spectra of A. calamus rhizome extract and bio-
synthesized AgNPs, shown in Fig. 4, indicate the presence of
amino, carboxylic, hydroxyl and carbonyl groups. Display of
strong broad O–H stretch carboxylic bands in the region
3412.08 cm1 and carboxylic stretching bands in the region
1564 cm1 was observed. The peaks appearing in the region
1645 cm1 are attributed to the stretching vibration of the
NH group that is characteristic of proteins shifted from
1384 cm1 after the synthesis of Ag-NPs. The secondary struc-
ture was not affected during reaction with Ag + Ions or after
binding with Ag nanoparticles. These results confirm the pres-
ence of possible proteins.
The SEM analysis was used to determine the structure of
the reaction products that were formed. The SEM image
showed individual silver particles as well as a number of aggre-
gates, SEM images of SNPs derived from the rhizome extracts20 40 60 80 100
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Figure 3 FT-IR spectra of AgNPs synthesized from A. calamus
rhizome extract.of A. calamus showed particles to be in spherical shape with
size ranging from 20 to 35 nm (Fig. 5). The morphology of
the SNPs was predominantly spherical and they appear to be
monodispersed (a and b). Further, analysis of the silver parti-
cles by energy dispersive spectroscopy confirmed the presence
of the signal characteristic of silver (c).
The bactericidal activity of the biosynthesized AgNPs
against different human pathogens is shown in Fig. 6. It is
apparent that the AgNPs showed inhibition zones against
almost all the test organisms. Maximum zone of inhibition
was found in 10 lg/mL of AgNP concentration against gram
positive S. aureus (15 mm), and minimum zone of inhibition
was obtained against S. enterica (8 mm) compared with rhi-
zome extract. The AgNPs synthesized via green route are
highly toxic towards bacterial strains. Silver ions have been
demonstrated to interact with the protein and possibly phos-
pholipids associated with the proton pump of bacterial mem-
branes. This results in a collapse of membrane proton
gradient causing a disruption of many of the mechanisms of
cellular metabolism and hence cell death [8].
4. Conclusions
Biosynthesis promises an eco-friendly and non-toxic route to
synthesize AgNPs. A. calamus rhizome was proved to be one
of the potential sources to produce stable and well-defined
nanoscale silver particles. UV–Visible spectroscopy showed
peaks in the range 420 nm confirming the formation of AgNPs.
Response surface methodology based Box–Behnken design
(BBD) was used to optimize the variables such as AgNO3 con-
centration, incubation time, temperature for AgNP synthesis.
The FTIR studies indicate the capping of certain amide-
containing compounds on the synthesized AgNPs. SEM–
EDS analysis showed that the biosynthesized AgNPs are
spherical in nature and elemental silver is present. The synthe-
sized AgNPs exhibited a strong antibacterial activity against
both Gram-negative and Gram-positive bacteria. The data
obtained in this study indicate that it would be important to
know the mechanism of action of the biosynthesized nanopar-
ticles before their use in nanomedicine applications.
Figure 5 (a and b) SEM images of AgNPs show spherical shape (c) EDS spectrum of AgNPs which confirmed the presence of elemental
silver.
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Figure 6 Antibacterial activity of rhizome extract and AgNPs.
Error bars indicate standard deviation of means, where absent,
bars fall within symbols.
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